Injury to the corpus callosum after TBI appears to be one component of diffuse axonal injury. The widespread disruption of axons in white matter is found in more than 50% of severe head-injury cases and in approximately 30% of mild head-injury cases. 26 Diffuse axonal injury is most readily detected in three areas of the human brain: lobar white matter, corpus callosum, and the dorsolateral aspect of the upper brainstem. [2] [3] [4] [5] [6] 15, 20, 21 Magnetic resonance (MR) imaging can detect macroscopic lesions of the corpus callosum. The detection of corpus callosal lesions generally serves as a marker for more widespread injury. The diffuse axonal injury lesions of the brainstem and lobar white matter tend to be primarily microscopic, whereas those of the corpus callosum are primarily macroscopic. However, the microscopic grades of diffuse axonal injury are undetectable using currently available conventional neuroimaging techniques in head-injured patients. 1, 14, 26 This type of injury may be responsible for the clinically observed neurological and cognitive deficits in patients with mild-to-moderate brain injuries. 7 Therefore, a more sensitive method for detecting neuronal and axonal injury is needed because undiagnosed axonal injury may play an important role in the outcome of patients with TBI.
Magnetic resonance spectroscopy (MRS) is an excellent in vivo technique for detecting neurochemical alter-D ations associated with pathological conditions. Proton MRS is especially useful in measuring N-acetyl aspartate (NAA), a compound synthesized exclusively in neurons. 8, 11, 13, 23, 27, 29, 37 Using high-resolution proton nuclear MRS, we have found significantly lower levels of NAA in the rat brain within 1 hour after experimental brain trauma. 33 In the present study, we examined the splenium, the posterior aspect of the corpus callosum, in head-injured patients by using a standard proton MRS technique. These findings were compared with measurements obtained in normal control volunteers. By detecting neurochemical alterations, we may devise a more sensitive method for detecting axonal injury in the splenium and throughout the brain. We believe that this is the first report in which proton MRS was used to examine metabolic changes in the splenium as well as one of the first in which changes in NAA in patients with TBI were explored. The detection of injury in this region may hold special relevance for a better understanding of head and brain injury, especially mild brain injury.
Clinical Material and Methods

Study Participants
The splenium of the corpus callosum was studied by using proton MRS in 35 patients (17 men and 18 women; mean age 40 years, range 21-77 years) with documentable TBI of varying severity. The results were compared with proton MRS studies performed in 12 normal control volunteers (six men and six women; mean age 28 years, range 21-49 years). The normal volunteers were screened to exclude incidence of prior head injury. The MR study protocol and informed consent were approved by the Institutional Review Board and the investigation was conducted in full compliance with the accepted standards for research involving humans. Informed consent was obtained from participants or their legal guardians.
Patients were recruited from the inpatient and outpatient services of the Departments of Neurosurgery and Rehabilitation Medicine. Glasgow Coma Scale (GCS) 36 scores were obtained from patient history and trauma databases. Eleven patients referred from the Department of Neurosurgery were studied by using an MR imaging and MRS protocol. The estimated GCS scores for this patient population ranged from 3 to 15. Seven of these cases were studied within 2 weeks of injury. Twenty-four patients referred from the Department of Rehabilitation Medicine were studied by using an MR imaging and MRS protocol. Most patients in this referral group had an initial GCS score between 13 and 15, with the exception of two patients who had GCS scores of 7 and 8, respectively, at their initial evaluation. The mean duration of study for this population was approximately 1 year, with a range of 9 days to several years postinjury.
Magnetic Resonance Imaging and MRS Procedures
All MR imaging and MRS studies were performed by using a 1.5-tesla MR imager equipped with a spectroscopy software package (Signa scanner with Versions 5.3-5.5 software; GE Medical Systems, Milwaukee, WI). The standard head coil was used for a routine neurological and research imaging sequence, along with image-guided single-voxel spectroscopic acquisition. Clinical MR reports used in our study were reviewed retrospectively for abnormal findings. Axial T 2 -weighted MR images were used to prescribe rectangular voxels of the white matter of the splenium while minimizing gray matter and cerebrospinal fluid contamination. The voxel dimensions routinely prescribed from the axial image approximated 9 (anterior/ posterior) ϫ 25 (right/left) ϫ 10 mm (superior/inferior). The voxel sizes were adjusted to match the individual's anatomy. The voxel locations were carefully chosen by one of the investigators (K.M.C.) to ensure the same location in each patient. The splenium was studied by using a stimulated-echo acquisition mode (STEAM) localization technique to minimize contamination. This technique provides optimum voxel definition. Although signal-to-noise ratios suffer when compared with the other routinely used MRS technique, point-resolved spectroscopy, the STEAM technique proved quite robust and reliable in our integrated MR imaging and MRS protocol. Careful shimming is necessary to minimize line widths of the spectra from this region. Water suppression was achieved by using three chemical shift-selective radiofrequency pulses followed by a dephasing gradient applied to each of the three axes. The sequence parameters included the following: spectral bandwidth of 2500 Hz, TR 2000 msec, TE 31 msec, mixing time 13.7 msec, 2048 complex points, eight-step phase cycling, and 128 acquisitions. Gradient shimming on the voxel and optimization of the solvent suppression were performed before the start of the acquisition. The spectral acquisition time per voxel was less than 6 minutes.
The spectral processing was performed using commercially available software (ProNMR; Softpulse Software, Guelph, Ontario, Canada) using zero filling to 8-K datapoints, 2-Hz line broadening applied in the time domain, one-dimensional Fourier transformation, and zero-order phase correction. Areas under the peaks were estimated using a Marquardt fitting routine to Lorentzian line shapes in the frequency domain. Using this method, peak ratios were calculated for the metabolites.
Statistical Analysis
The metabolite ratios in control and patient groups were compared for significant differences by using Student's ttest assuming equal variance. Probability values of less than 0.05 were considered significant, and values less than 0.01 were considered highly significant.
Results
Figure 1 shows a T 2 -weighted axial MR image in which
the typical site used for the MRS acquisition in patients and normal control volunteers is indicated. Demographic data from the patient population, including global MR findings and measured metabolite ratios, are shown in Table 1 .
We found that the single-voxel proton spectra of the splenium differs from that of lobar white matter in normal control volunteers. The NAA level is noticeably increased in the splenium, as shown in Fig. 2 . The NAA/creatine (Cr) values in the splenium of normal volunteers were 1.72 Ϯ 0.35. The choline (Cho)/Cr ratio was also elevated compared with reported lobar white matter values. We found that normal values for Cho/Cr in the splenium were 1.13 Ϯ 0.29, and levels of myoinositol (MI)/Cr in the splenium were 0.51 Ϯ 0.29. A comparison of metabolite levels for white matter obtained by using similar spectroscopic methods is shown in Table 2 . In comparing NAA/Cr levels in the splenium with those in the frontal white matter we found significant differences.
When the metabolite ratios for the splenium were compared between all patients with TBI and normal volunteers, the decrease in the NAA/Cr ratio was highly significant. The average NAA/Cr value in the splenium of all head-injured patients (35 individuals), including three who underwent follow-up examinations, was 1.44 Ϯ 0.34. Twenty-four of the 35 patients displayed a minimum 10% decrease in NAA/Cr values in the splenium compared with the mean for volunteers. Patients with head injury reported along with a finding of abnormal signal intensity in any region of the brain (19 patients) had a mean NAA/ Cr value of 1.39 Ϯ 0.34. Compared with normal volunteers, this population showed a decrease in the NAA/Cr ratio that was highly significant. Fifteen of the 19 exhibited low NAA/Cr values in the splenium compared with the mean for volunteers. In cases of mild head trauma in which there were no reported MR findings (16 patients), the patients had an average NAA/Cr value of 1.50 Ϯ 0.32, which was significant compared with values found in nor- * BA = bike accident; bl inj = blunt injury; DAI = diffuse axonal injury; EDH = epidural hemorrhage; MVA = motor vehicle accident; SDH = subdural hemorrhage.
† Follow-up results.
FIG. 2.
Graph showing proton MRS spectra obtained from participants with normal lobar white matter, normal splenium, and injured splenium (Case 1). All spectra were acquired using the STEAM technique; TE 31 msec, TR 2 sec. mal volunteers. All of these patients exhibited an initial GCS score of 15, except for one who had a score of 14. Eleven of the 16 had low NAA/Cr values in the splenium compared with the mean for normal volunteers.
Selective follow-up MRS examinations were performed in the splenium of three patients. These patients had initial GCS scores of 15, 7, and 3, respectively. The patient with mild brain injury sustained in a fall showed a decrease in NAA/Cr (1.47, 1.07) and an increase in MI/Cr (0.44, 0.62) during the 6 months between examinations. The patient with a GCS score of 7 was evaluated at 5 days and again at 3 months after being injured in a motor vehicle accident. The metabolite ratios changed, with a decrease in NAA/Cr (1.57, 1.44) and MI/Cr (1.00, 0.89) and an increase in Cho/Cr (0.59, 1.42). The patient with a head injury sustained in a fall and a GCS score of 3 showed metabolite values that remained relatively constant after evaluations performed at 11 days and at 3 months postinjury. The patient's metabolite ratios at those two time points were as follows: NAA/Cr 1.36 and 1.31; Cho/Cr 0.99 and 0.90; and MI/Cr 0.57 and 0.83.
Choline/creatine ratios measured in patients with head trauma showed no difference when compared with ratios in normal volunteers (p = 0.26). One patient whose injury resulted from a motor vehicle accident (initial GCS score 3) displayed a Cho/Cr ratio of 3.05 and a NAA/Cr value of 0.80 in the splenium. Twelve patients exhibited elevated Cho/Cr values compared with the mean value in all patients, with no apparent pattern with regard to type or severity of injury.
Comparing the NAA/Cho ratios in normal volunteers and patients with head trauma we found no significant differences (p = 0.41). The MI resonance was not compared in this study because of overlap with other resonances near its observed frequency and artifacts of water suppression.
A resonance of lactate, located at 1.3 ppm, was not observed in any of these cases. Most patients were examined more than 96 hours after the time of injury. However, the MRS technique used in these patients is not optimum for lactate detection at an echo time of 31 msec or for amino acid and macromolecule detection.
Discussion
This work focused on developing a neurochemical profile of the splenium of the corpus callosum. By studying the human brain in vivo with proton MRS, we were able to determine differences between normal splenium and normal lobar white matter. Levels of NAA were elevated in the normal splenium. Regardless of which method and region were used to compare the levels of NAA/Cr in lobar white matter, the value of this metabolite in the normal splenium was elevated. The composition of the white matter tracts of the splenium of the corpus callosum should not differ from normal lobar white matter. An explanation of the differences that result in the spectroscopic observation of elevated NAA is beyond the scope of this study.
Our aim was to determine if proton MRS can be used to detect axonal abnormalities in the splenium after TBI. We found that patients with varying severities of brain injury had lower NAA/Cr values than normal volunteers. Twenty-four of 35 patients had lowered NAA/Cr levels compared with the mean NAA/Cr values in the control group, with a minimum derease of 10%. Of the 16 patients reported as having normal MR findings, 11 were found to have diminished NAA/Cr in the splenium. Of the patients undergoing a follow-up examination, the NAA/Cr levels remained diminished. The results of this study indicate that a diffuse set of pathological conditions may be present in patients with TBI.
Spectroscopy Method
We suggest that a biochemical and metabolic measure of brain injury may provide an additional means of defining the extent and severity of damage along with predicting potential outcome. One method for accessing biochemical and metabolic information in vivo is MRS, which is a noninvasive method for determining the biochemical status of disease and injury processes. Scientists can use MRS studies to sample the relative levels of mobile metabolites for selected volumes of tissue. In vivo, proton MRS has been demonstrated to have diagnostic value by detecting the presence or absence of neurochemicals such as NAA, Cr, Cho, and MI in a variety of neurological disorders. 24, 31, 32 In brain cortex NAA is located in neuronal cell bodies, whereas in the white matter it is located largely in axons. It has been shown that the reduction of the NAA peak is associated with different pathological conditions, which strongly suggests that neuronal and axonal loss or dysfunction can be detected by proton MRS. However, few researchers have used proton MRS for the detection of diffuse axonal injury in head trauma.
10, 28 Choe, et al., 10 evaluated neuronal and axonal dysfunction by using in vivo proton MRS in patients with closed head injury. In that report, left frontoparietal white matter was studied in 10 patients. The results of this study indicated that the observed reduction of NAA/Cr ratio may be an indicator of axonal loss in patients with closed head injury.
There have been several studies of experimental brain trauma in which animal models were used. High-resolution proton nuclear MR imaging of excised rat brain following parasagittal fluid-percussion injury revealed an immediate and persistent decline in NAA. 33 This contu- † The one-dimensional chemical shift imaging STEAM technique was used to obtain these values (TE 31 msec, TR 1.5 sec, mixing time 13.7 msec), according to a study published by Lopez-Villegas, et al.
‡ The proton beam spectroscopy examination STEAM technique was used to obtain these values (TE 30 msec, TR 1.5 sec, mixing time 13.7 msec), according to a study published by Webb, et al. sion model also showed subsequent changes in acetate, a byproduct of NAA degeneration.
Studies of axonal injury in a miniature swine model have replicated the inertial loading conditions associated with human brain injury caused by rotational acceleration during automobile accidents. 35 The signs of axonal injury in this model included terminal clubbing of axons (retraction balls) and swelling of axons. 35 Before they were killed, the miniature swine were evaluated by using in vivo proton MRS before injury, at 1 hour postinjury, and 1 week postinjury. Using the same methodology in swine as we used in the human MRS protocol described in this paper, we found a persistent decline in the NAA/Cr values of predominately white matter (unpublished data). The regions of interest selected for proton MRS studies included regions that were shown on histopathological evaluation to correspond to sites of axonal injury (unpublished data). The NAA/Cr ratio decreased approximately 20% in both hemispheres between the baseline and acute postinjury studies, with no change detected in lactate levels.
Role of NAA
Based on findings in the animal models, human axonal injury should produce a decrease in NAA that can be observed on proton MRS studies. The decrease in NAA may reflect axonal damage after brain trauma. An alternative explanation of its decrease may be that NAA is a source of acetate groups in lipid synthesis.
9 D'Adamo, et al., 12 estimated that the turnover half-life for NAA in whole brain is approximately 1 hour and that the half-life in white matter is minutes. Hochachka 22 has suggested that the rate of acetate incorporation into fatty acids is approximately 20 times faster under hypoxic than under normoxic conditions. This increase in acetate incorporation may be a result of favorable bioenergetic pathways for fatty acid chain elongation. 30, 34, 39 In this discussion it is hypothesized that NAA is in steady state in the brain and that under conditions of injury or trauma this steady state may be disrupted. The rate of NAA hydrolysis may be accelerated to provide acetate groups to meet the demand for lipid synthesis involved in myelin repair or to provide a temporary source of cellular energy locally at the site of axonal injury. In either case, the level of NAA might drop acutely. This drop could precede any loss of NAA as a result of axonal death. If microscopic grades of diffuse axonal injury are responsible for neurological and cognitive deficits, especially in mild brain injury, then the single most reasonable place to look for axonal injury is the splenium. Patients enrolled in this study were characterized on the basis of their initial GCS scores as having either mild, moderate, or severe brain injury, affording us the full range of severity for study.
Correlation of Splenium Findings
The study population included a majority of mildly brain injured patients (26 of 35) . We found no statistically significant correlation between the initial GCS score and the NAA/Cr values in the splenium. Plotting the GCS score versus NAA/Cr does indicate that the large number of mildly injured patients in this study, those with a GCS score of 15, displayed a wide range of NAA/Cr values (Fig. 3) . The smaller population of moderately and severely injured patients exhibited a trend toward lower NAA/Cr values in the splenium. However, the lack of clinical correlates for the splenium may contribute to the lack of correlation between the GCS score and NAA/Cr levels. Correlation analysis of splenium NAA/Cr levels with an outcome measure such as the Glasgow Outcome Score provides little value because mildly injured patients generally have good outcomes. As more severely injured patients are evaluated using proton MRS studies, especially in the splenium, an index of potential outcomes could incorporate NAA/Cr levels as one measure.
Evaluation of the usefulness of proton MRS studies of the splenium as a marker for more widespread injury was another goal of this study. In addition to the voxel selected in the splenium, additional voxels were sited within focal areas of injury and white matter that appeared normal on MR imaging in individual patients. In the patients with no focal lesions, additional voxels were selected in predominately lobar white matter. Magnetic resonance examination in 16 patients from a cohort of 35 revealed normal findings. Of these 16 patients, 11 exhibited low NAA/Cr values in the splenium compared with normal volunteers. Ten of the 11 patients with low splenium NAA/Cr values also displayed decreased NAA/Cr in lobar white matter. Fifteen of the 19 patients with reported MR findings had NAA/Cr values lower than those in the splenium of normal volunteers. All of the patients with low NAA/Cr levels in the splenium showed lower NAA/Cr values in lobar white matter. These results are consistent with our stated hypothesis. The pathological findings are the same in brain injury, with differences in severity caused by differences in quantity. The severely brain injured patients exhibited other injured regions indicating more widespread injury. The mildly brain injured patients included fewer injured regions.
This result is consistent with diffuse axonal injury. The expected neurochemical change occurs in NAA levels. Injury in both the acute and chronic phases is indicated by the decrease in NAA/Cr. Other metabolites may undergo changes that are more specific to other injury types and severity. The Cr resonance, which is a composite of both Cr and phosphocreatine when observed on proton MRS studies, is assumed to be in equilibrium in the brain. The total Cr concentration remains constant, but abnormalities in some patients with head trauma could disrupt this equilibrium. However, the ratios of metabolites when compared with Cr remain in a narrow range of values, indicating negligible to minimal Cr disruption.
Conclusions
Proton MRS provides a method for evaluating axonal viability after TBI. Using proton MRS studies, scientists can readily detect levels of NAA, a chemical synthesized exclusively in neurons and axons. Diffuse brain injury selectively affects white matter tracts because of the high inertial strain created by rotational acceleration and deceleration. The proton MRS modality may be beneficial in evaluating patients with TBI for diffuse injury. This work focused on determining the spectroscopic profile of the splenium in normal volunteers and patients with TBI. The corpus callosum, especially the splenium, is a site vulnerable to shearing forces that produce diffuse axonal injury.
The finding from our investigation was that NAA/Cr is elevated in the normal splenium compared with normal lobar white matter. The spectroscopic profile of the splenium is distinct from that of lobar white matter.
Examination of 35 cases of TBI showed a population with a significantly lower NAA/Cr in the splenium compared with normal volunteers. Twenty-four of the 35 patients had lowered NAA/Cr levels compared with the mean NAA/Cr found in control volunteers. Eleven patients with low NAA/Cr ratios in the splenium had reported unremarkable or normal MR examinations; all suffered neurotrauma sequelae sufficient to require outpatient rehabilitation treatment.
Declines in NAA/Cr levels in the splenium may be a marker for widespread diffuse injury. A proton MRS examination may be particularly useful in patients with mild brain injury suffering unexplained neurological and cognitive deficits. The depletion of NAA resulting from neuronal and axonal shearing may be responsible for these deficits. Proton MRS may prove to be a useful tool for diagnosing this type of injury. This study has a limitation: it focuses on injury detection in the splenium by using a spectroscopy method. Magnetic resonance imaging may reveal additional abnormalities of the splenium when examined in a more dedicated fashion. A blinded study of the splenium was not attempted in this investigation, rather our MRS findings were correlated with clinical MR readings. Future efforts will be focused on using multislice chemical shift imaging techniques to examine regional NAA levels.
